Summary Interception loss, gross precipitation, throughfall and stemflow solution chemistry beneath pine (Pinus pseudostrobus Lindl.), oak (Quercus sp.) and pine-oak natural forest canopies in northeastern Mexico were measured. Coefficients of variation for throughfall were 12% in pine and oak canopies and 17% in the mixed pine-oak canopy. The variability of stemflow averaged 66, 126 and 73% for pine, oak and the mixed pine-oak canopies, respectively. Linear regression analysis of net versus gross precipitation for the three canopies showed highly significant correlations (r = 0.974-0.984). Total precipitation during the experimental period was 974 mm and estimated interception loss was 19.2, 13.6 and 23% for the pine, oak and pine-oak canopies, respectively. Stemflow did not occur following rainfall events of less than 4 mm and, in all canopies, stemflow represented a minimal proportion of gross precipitation (0.60, 0.50 and 0.03% for pine, oak and pine-oak, respectively). Throughfall pH in pine (6.2), oak (6.3) and pine-oak (6.3) canopies was significantly more acidic than gross precipitation (6.6). Stemflow pH ranged from 3.7 (pine) to 6.0 (oak). The pine-oak canopy registered the highest throughfall and stemflow electrical conductivities, 104 and 188 µS cm -1 , respectively. Net nutrient leaching of K, Mg, Na, Fe, Mn and Zn was significantly higher from the pine-oak canopy than from the pure pine and oak canopies. Mean depositions of Ca and Cu in throughfall behaved similarly among the three types of canopies. A greater proportion of Zn in gross precipitation was absorbed by the oak canopy than by the pine and pine-oak canopies. Enrichment factors beneath the pine-oak canopy relative to gross precipitation varied from 1.2 to 3.2 for macro-nutrients (Ca, K, Mg and Na) and from 1.4 to 3.1 for micro-nutrients (Cu, Fe, Mn and Zn). Stemflow depositions of Ca, K, Mg and Cu were higher in the pine-oak canopy, whereas stemflow depositions of Na, Fe, Mn and Zn were higher in the pine canopy.
Introduction
Studies of forest hydrology in temperate regions have shown that interception loss, the evaporation of rainfall intercepted by the forest canopy, is an important component of total forest evaporation (Gash and Morton 1978) . It has also been shown that throughfall and stemflow have significant effects on soil nutrient pools (Klemmedson et al. 1983 , Lovett and Lindberg 1984 , Asche 1988 ) and can provide an important source of limiting nutrients (Fahey et al. 1988) . The chemistry of canopy throughfall is influenced by diverse factors such as wet deposition chemistry, canopy evaporation, the washing of dry deposition from canopy surfaces, and the leaching of solutes from the plant canopy (Lovett and Lindberg 1984, Velthorst and Van Breemen 1989) .
Many studies have investigated precipitation, throughfall, stemflow and the development of soil solution chemistry profiles in diverse forest ecosystems (Lovett and Lindberg 1984 , Fahey et al. 1988 , Homann et al. 1990 , Robson et al. 1994 . However, there is no basic information on these processes in the different types of forest canopy found in the pine-oak forest of the Sierra Madre Oriental Mountains of northeastern Mexico. Designated a water conservation area, these forests encompass reservoirs and the upper reaches of several rivers.
The objective of the present study was to investigate interception loss and to quantify the influence of pine (Pinus pseudostrobus Lindl.), oak (Quercus sp.) and mixed pine-oak canopies of natural forest stands in northeastern Mexico on plant nutrient depositions by means of canopy throughfall and stemflow.
Materials and methods

Site description
The investigation was carried out at the Experimental Forest Research Station of the Universidad Autónoma de Nuevo León in the Sierra Madre Oriental Mountain (24°43′ N, 99°52′ W; 1600 m a.s.l.), located 15 km southeast of Iturbide county, in the State of Nuevo León, Mexico. Mean annual air temperature is 13.9°C and mean annual precipitation is 639 mm, of which 80% occurs between May and October. The soil of the region is mainly rocky and comprises Upper Cretaceous lutite or siltstone. According to the FAO-UNESCO classification, the soil at the research site belongs to Calcic Kastanozem, with a loamy surface layer and clay loam textured subsoil, and with high (K, Fe, Mn and Cu) and low (Zn and P) mineral nutrient availability. This type of soil has a high calcium carbonate content (pH = 7.5-8.5) and a low organic matter (3%) and nitrogen content (0.15%). The C:N ratio is 10:1 and electrical conductivity is 150 µS cm -1 . Some stand characteristics are shown in Table 1 .
Collection methods
Gross precipitation, throughfall and stemflow were monitored on a rain-event basis. For the interception loss study, 99 rain events were analyzed from October 1996 to June 1999. For the gross precipitation, throughfall and stemflow chemistry analysis, the first 53 rain events between October 1996 to July 1998 were analyzed.
Gross precipitation was measured in large forest openings adjacent to the representative forest plots of pine (Pinus pseudostrobus), oak (Quercus sp.), and mixed pine-oak forest that were selected for study. Lengths of PVC pipe (100-mm internal diameter, i.d.) divided lengthwise and connected with plastic tubing to 20-l containers were used as collectors. Four such collectors were installed at each measurement site. Collectors were netted to exclude macro-litter and precipitation was usually measured within 12 h of each rain event.
Identical collectors were used for the measurement of throughfall. In the oak and pine stands, one collector was located beneath each of four, randomly selected trees. In the pine-oak stand, collectors were placed beneath two, randomly selected oak trees and two, randomly selected pine trees.
In each forest stand, stemflow was collected from the trees beneath which canopy throughfall was collected. Stemflow was delivered to 50-l containers by means of a collar of plastic tubing (30-mm i.d.) spiralled around the stem of each tree and attached with silicone sealant after smoothing the bark surface. Stemflow was converted to mm of precipitation, based on tree crown area.
Net rainfall was calculated as the quantity of rainfall that reaches the forest floor, i.e., the sum of throughfall and stemflow.
Laboratory procedures and data analysis
Gross precipitation, canopy throughfall and stemflow samples were brought to the laboratory for pH and electrical conductivity measurements. Samples were filtered and stored at 4°C for subsequent analysis.
Sample concentrations of Ca, K, Mg, Na, Cu, Fe, Mn and Zn were determined by atomic absorption spectrometry (SpectrAA-200, Varian Inc., Palo Alto, CA). For Ca, Na and Mg analyses, 2 mg l -1 of K was added to each sample to limit ionization interference. To suppress ionization during K analyses, 1 mg l -1 of Cs was added to each solution sample. Gross precipitation, canopy throughfall and stemflow nutrient deposition were determined on a rain-event basis. To estimate the mass deposition of a given element per unit area via precipitation and canopy throughfall by forest canopy type and replication, the product of each element concentration and sample volume during a rain event was calculated and divided by the collector area.
Net element deposition in canopy throughfall for each replication, forest stand type, and rain event was calculated as the deposition in throughfall minus the mean deposition (four collectors) in gross precipitation. Positive and negative net deposition values for a given element in a given forest stand type were considered as leaching by rain water and wash off of dry deposition or absorption by canopy structures, respectively. Quantities of nutrient deposition by means of stemflow were also calculated on an area basis from the concentration of each element, the volume collected per tree, and the number of trees per ha. Mean elemental quantities reported by stemflow deposition for each forest stand type, represent the cumulative inputs of nine rain events (out of 53) registered during the experimental period.
To determine trends in pH, electrical conductivity, and the total and net cumulative nutrient deposition via gross precipitation and canopy throughfall of each forest type, a completely randomized design representing the four treatments (gross precipitation; and three forest stand types, pine, oak and pine-oak) was employed. Because of the limited number of stemflow solution samples, no attempt was made to analyze the data statistically. One-way analysis of variance was carried out on a total of 53 cumulative rain events for areaweighted gross precipitation, throughfall, net deposition, pH and electrical conductivity to test for mean differences among forest plots. Differences among means were determined with Tukey's honestly significant difference (HSD) procedure at the P = 0.05 confidence level. All statistical analyses were carried out with the SPSS statistical software package (Version 7.5 for Windows, SPSS Inc., Chicago, IL).
Results
Hydrological fluxes
The spatial variability of throughfall averaged 12% in pine and oak canopies, whereas for the pine-oak canopy it was 17%. Linear regression analysis between net and gross precipitation for the three canopy types showed a highly significant (P < 0.001) correlation r = 0.974-0.984). Variability in stemflow averaged 66, 126 and 73% for the pine, oak and pine-oak canopies, respectively. The cumulative interception loss for the study period was 19.2, 13.6 and 23% for pine, oak and pine-oak canopies, respectively. These values represented 187, 132 and 224 mm, respectively (Table 2) .
Among the three canopies, mean stemflow (39 events out of 99) ranged from 3.7 to 20 l. In general, stemflow did not occur 1010 CANTÚ SILVA AND GONZÁLEZ RODRÍGUEZ TREE PHYSIOLOGY VOLUME 21, 2001 following rain events of less than 4, 5 and 6.5 mm in the oak pine-oak and pine stands, respectively. Results of the linear regression analysis between stemflow and gross rainfall for the three canopy types showed coefficients of determination between 0.01 (pine-oak) and 0.75 (pine). Stemflow was limited and constituted only 0.60, 0.50 and 0.03% of gross precipitation for pine, oak and pine-oak stands, respectively.
pH and electrical conductivity
As a whole, gross precipitation had a significantly higher (P = 0.05) pH than canopy throughfall (Table 3) . Gross precipitation pH averaged 6.6 versus 6.2-6.3 for throughfall in all three stands. Mean throughfall electrical conductivity ranged from 62 µS cm -1 in the oak stand to 104 µS cm -1 in the pine-oak stand (Table 3 ).
The pH of stemflow solutions in the oak stand was significantly higher (P = 0.05) than in the pine and pine-oak stands. Overall, mean pH was highest in gross precipitation and lowest in stemflow in the pine stand (Table 3) . Electrical conductivity ranged from 188 µS cm -1 in pine-oak stemflow to 15 µS cm -1 in gross precipitation (Table 3) .
Nutrient deposition
Mean total deposition of Ca ( Figure 1A ) by throughfall and gross precipitation ranged from 27 kg ha -1 in the pine stand to 36 kg ha -1 in the pine-oak stand. Calcium deposition in throughfall was higher than in gross precipitation, but the difference was not statistically significant. Mean depositions of K (23 kg ha -1 ), Mg (4 kg ha -1 ) and Na (15 kg ha -1 ) were higher in pine-oak throughfall (P = 0.05) than in gross precipitation ( Figure 1A) .
Mean total deposition of Cu in oak throughfall (13 g ha -1 ) was significantly higher (P = 0.05) than in gross precipitation (8 g ha -1 ) ( Figure 1B under the pine-oak canopy were significantly higher (P = 0.05) than in gross precipitation (136, 43 and 113 g ha -1 , respectively) ( Figure 1B) .
Mean net deposition of Ca ranged from -3.0 kg ha -1 (absorbed) for the pine canopy to 6.0 kg ha -1 (leached) for the pine-oak canopy (Figure 2A) . Mean net depositions of K, Mg and Na (16, 2 and 3 kg ha -1 , respectively) were greater (P = 0.05) in the pine-oak canopy than in the pine or oak canopy. These values represent depositions greater by factors of 6, 60 and 4, respectively, in the pine-oak canopy relative to the pine canopy (Figure 2A) . Mean net deposition of Fe, Mn and Zn were significantly higher (P = 0.05) in the pine-oak canopy (116, 93 and 47 g ha -1 , respectively) than in the oak canopy (47, 42 and -14 g ha -1 , respectively) ( Figure 2B ). No significant differences (P > 0.05) in net depositions of Cu were detected between the canopies.
The relative contribution of stemflow to plant nutrient deposition for each stand type is shown in Figure 3 . The mean quantities (kg ha -1 ) of plant nutrients deposited through stemflow ranged from 0.18 (oak) to 1.20 (pine-oak) for Ca, from 0.16 (pine) to 1.10 (pine-oak) for K, from 0.02 (oak) to 0.11 (pine-oak) for Mg and from 0.10 (oak) to 0.19 (pine) for Na ( Figure 3A ). Higher and lower fluxes of Cu via stemflow, 2.75 and 0.01 g ha -1 , were observed at the oak and pine-oak canopies, respectively. The highest stemflow depositions (g ha -1 ) of Fe (8.06), Mn (3.16) and Zn (1.92) were observed in the pine canopy. The lowest stemflow depositions of Fe (2.65), Mn (0.63) and Zn (0.36) were detected in the oak canopy ( Figure 3B ).
Discussion
Total rainfall during the study (974 mm in 2.6 years) was only 58% of the normal mean annual precipitation. This abnormally low rainfall, which was related to the "El Niño" event in 1997, should be taken into consideration when interpreting our results.
In general, percent interception loss decreased with increasing magnitude of the rain event. The variation in mean interception loss between the pine (19.2%), oak (13.6%) and pineoak (23%) canopies (Table 2) is indicative of differences in potential water yield among the three stand types.
Throughfall and stemflow pH and electrical conductivity varied significantly with canopy type on both a rain-event basis (data not shown) and on a mean annual basis (Table 3) . Similarly, cumulative net and total nutrient deposition by both throughfall (Figures 1 and 2 ) and stemflow (Figure 3 ) depended on canopy type. Variations in throughfall chemistry have been related to the ability of tree crowns to capture dry deposition, the chemical characteristics of dry deposition, and the frequency, intensity, duration and quantity of precipitation (Leininger and Winner 1988) . The chemical composition of precipitation throughfall has been related to forest type (Forti and Neal 1992) , species (Edmons et al. 1991) , growing season (Neary and Gizyn 1994) , site fertility (Shepard and Mitchell 1991) , and temporal and spatial variability (Robson et al. 1994) . Leaf anatomy, morphology and physiology may also play a role in throughfall chemistry. Robson et al. (1994) suggested that temporal and spatial variability in throughfall chemistry within and between forest canopies is attributable mainly to non-uniformity of canopy density and to differences in the efficiency with which different canopy structures filter dry deposition.
Overall, throughfall in the mixed pine-oak canopy had a greater plant nutrient content than throughfall in the pure pine or oak stands. On an area basis, the enrichment of K, Mg, Na and Ca in throughfall plus stemflow relative to gross precipitation for the pine-oak canopy was 3.2, 2.0, 1.2 and 1.2, respectively. Enrichment factors for Mn, Fe, Cu and Zn were 3.1, 1.9, 1.5 and 1.4, respectively (Figure 1 ). These results indicate nutrient leaching from leaf or bark tissues. Other studies suggest that the enrichment is associated mainly with the wash-off of dry deposition, rather than leaching of tissue nutrients (Velthorst and Van Breemen 1989) . Among the three types of canopies studied, throughfall in the pine-oak canopy showed the greatest plant nutrient deposition relative to gross precipitation, the order being, for macro-nutrients, K > Mg > Na > Ca, and for micro-nutrients, Mn > Cu > Fe > Zn (Figure 1 ). Throughfall depositions of Ca in the pine stand and of Zn in the oak stand were lower than in gross precipitation (Figure 2) , indicating retention by the canopy. These findings corroborate other studies of gross precipitation and throughfall chemistry and mobility of plant nutrients (Lovett and Lindberg 1984, Shepard and Mitchell 1991) . Our results show that the pine-oak canopy allowed significantly more throughfall deposition of mineral nutrients than the pure pine or pure oak canopy. This finding corresponds with the observation that the mixed pine-oak stand had a higher foliar biomass than either of the pure stands.
Throughfall and stemflow had lower pHs than gross precipitation and were most acidic from the pine canopy and least acidic from the oak canopy, which confirms previous reports that coniferous canopies tend to lower throughfall pH relative to both gross precipitation and throughfall from hardwood canopies (Edmonds et al. 1991 , Robson et al. 1993 (Table 3) .
